Cardiotoxicity is one of the major side effects encountered during cancer chemotherapy with doxorubicin (DOX) and other anthracyclines. Previous studies have shown that oxidative stress caused by DOX is one of the primary mechanisms for its toxic effects on the heart. Since the redox-sensitive transcription factor, Nrf2, plays a major role in protecting cells from the toxic metabolites generated during oxidative stress, we examined the effects of the phytochemical sulforaphane (SFN), a potent Nrf2-activating agent, on DOX-induced cardiotoxicity. These studies were carried out both in vitro and in vivo using rat H9c2 cardiomyoblast cells and wild type 129/sv mice, and involved SFN pretreatment followed by SFN administration during DOX exposure. SFN treatment protected H9c2 cells from DOX cytotoxicity and also resulted in restored cardiac function and a significant reduction in DOX-induced cardiomyopathy and mortality in mice. Specificity of SFN induction of Nrf2 and protection of H9c2 cells was demonstrated in Nrf2 knockdown experiments. Cardiac accumulation of 4-hydroxynonenal (4-HNE) protein adducts, due to lipid peroxidation following DOX-induced oxidative stress, was significantly attenuated by SFN treatment. The respiratory function of cardiac mitochondria isolated from mice exposed to DOX alone was repressed, while SFN treatment with DOX significantly elevated mitochondrial respiratory complex activities. Co-administration of SFN reversed the DOX-associated reduction in nuclear Nrf2 binding activity and restored cardiac expression of Nrf2-regulated genes, at both the RNA and protein levels. Together, our results demonstrate for the first time that the Nrf2 inducer, SFN, has the potential to provide protection against DOX-mediated cardiotoxicity.
Introduction
DOX is a highly effective anti-neoplastic agent widely in use to treat many cancer types [1, 2] . However, dose-dependent cardiotoxicity limits its long-term use in chemotherapy which strongly impacts the quality of life and survival of cancer patients [3] [4] [5] [6] . Cardiotoxicity associated with DOX chemotherapy is estimated to afflict 10% to 25% of patients [7] and can develop immediately, within months, or even years after completion of therapy [8] .
The mechanisms for DOX cardiotoxicity involve free radical-induced oxidative stress, production of reactive oxygen species (ROS) [9, 10] and in particular, mitochondrial dysfunction which can lead to cardiomyocyte apoptosis. Oxidative stress, lipid peroxidation, and production of lipid aldehydes are detected in cardiac tissues within three hours after DOX administration [3] . Tissues with abundant antioxidant enzymes are usually protected from oxidants produced by DOX. However, a high density of mitochondria and lower levels of ROS detoxification enzymes, as compared to other tissues, make the heart more susceptible to free radical damage and DOX toxicity [11, 12] . In contrast, it is generally accepted that mechanisms of antitumor action of DOX are distinct from those responsible for its cardiotoxicity. DOX antitumor activity is thought to be due to DNA damage and inhibition of cell replication in highly proliferative tumors. Intercalation of DOX into DNA and interference with DNA unwinding or DNA strand separation by inhibition of topoisomerase II are believed to result in apoptosis [13] . Cardiomyocytes are terminally differentiated cells with minimal replicative capacity and thus resistant to the antimitotic effects of DOX [14] . However, there are no targeted strategies to prevent DOX-induced cardiotoxicity; the resulting heart failure is treated after-the-fact by standard therapies to alleviate symptoms and limit further damage [15] . Clearly, devising a strategy to prevent DOX-induced cardiotoxicity would have tremendous benefit by limiting medical complications and improving the quality of life. Several chemically and functionally diverse scavengers of ROS and lipid peroxidation products have been evaluated for their ability to mitigate DOX-induced cardiotoxicity, but with little success [5, 10, [16] [17] [18] . The major reasons for their lack of benefit may include: low bioavailability and/or low scavenging efficacy towards oxidants and electrophiles in a cellular system and/or secondary reactions with other biomolecules [19] .
A central regulator of cellular responses to electrophilic/oxidative stress is the redoxsensitive transcription factor, Nrf2. Nrf2 is essential for detoxification gene activity [20] in mammalian cardiac cells [21] [22] [23] [24] [25] [26] . Nrf2 accumulates in nuclei in response to oxidants and electrophiles, heterodimerizes with a small Maf protein, and activates the transcription of genes encoding enzymes (and other proteins) that are critical for the adaptation of cells to oxidative and electrophilic stress. Nrf2 binds to the antioxidant-responsive DNA elements or AREs found in the promoter regions of target genes [reviewed in 27] . Under physiological conditions, Nrf2 is bound in the cytosol by a repressor, the Kelch-like ECH associating protein 1 (Keap1). Keap1 functions as an adaptor for a Cullin 3 (Cul3)-based E3 ubiquitin ligase, a scaffold protein for the ubiquitination and degradation of Nrf2 [reviewed in 28] . Nrf2 is released from Keap1 in response to oxidative or electrophilic stress by modification of two critical cysteine residues [27] of Keap1 (C273 and C288) that are required for Keap1-dependent Nrf2 ubiquitination [29] [30] [31] . Since DOX alters mitochondrial functions in cardiac cells [32] , protecting and enhancing the critical biological functions of Nrf2 should represent a safe and effective strategy to counter DOX toxicity during and after cancer treatment.
Sulforaphane (SFN), a phytochemical present in cruciferous vegetables, is a non-toxic compound recognized for its anti-cancer, anti-diabetic, antimicrobial and chemopreventive activity in different animal models of disease [33] [34] [35] [36] . The major mechanism of chemopreventive action of SFN is considered to be the activation of Nrf2, via modification of cysteines of Keap1 [37, 38] , resulting in transcriptional regulation of phase II detoxification and antioxidant genes through antioxidant response elements (AREs) in their promoters [reviewed in 39] . Enhanced Nrf2 signaling and cytoprotective gene activity induced by SFN were observed in cardiac cells in vivo [40, 41] , in primary cardiomyocytes [42] , and in the H9c2 cell line derived from rat atrial cardiomyoblasts [40] . Notably, SFN has not been tested for its ability to confer resistance to DOX toxicity or to other oxidative and electrophilic stresses on the heart in vivo. Hence, SFN-mediated activation of the Nrf2 pathway, upregulation of its target genes and subsequent activation of protective antioxidant and phase II enzymes, could offer an effective strategy to counter DOX-induced cardiomyopathy.
In this study, we examined the ability of SFN to protect against DOX-induced cardiotoxicity and analyzed the mechanisms of its protective role using cultured cardiomyoblasts (H9c2 cells) and a wild type (129/sv) mouse model. Results of these studies indicate that DOX is highly cytotoxic to H9c2 cells in a dose dependent manner which can be attenuated by SFN co-treatment with concomitant activation of Nrf2. Furthermore, our results demonstrate that SFN significantly prevented the development of DOX-induced cardiomyopathy in vivo via up-regulation of Nrf2 activity and via transcription of its target genes in the murine heart. Our study clearly establishes a basis for targeting Nrf2 as a therapeutic strategy to mitigate DOX-induced cardiotoxicity and also to protect the heart from other forms of oxidative damage.
Materials and Methods

Reagents and Kits
DMEM cell culture medium, fetal bovine serum, Penicillin/streptomycin, phosphate buffered saline (PBS), 4% -12% Bis-TrisNuPAGE gels, running and transfer buffers, and SYBR green the QuantiTect Reverse Transcription Kit, the FastStart SYBR Green Master mix, the TransAM Nrf2 Kit, CytoTox 96 ® Non-Radioactive Cytotoxicity, OxiSelect ™ Intracellular ROS Assay Kit (Green Fluorescence) Assay were purchased from Invitrogen/ Life Technologies (Grand Island, NY), Qiagen (Valencia, CA), Active Motif (Carlsbad, CA), Dojindo Molecular Technologies, Inc. (Rockville, MD), and Promega (Madison, WI), Cell Biolabs, Inc. (San Diego, CA), respectively. Primers for quantitative real-time PCR were synthesized by IDT (Coralville, IA, USA). All siRNA and DharmaFECT 1 transfection reagents were purchased from GE Dharmacon (Lafayette, CO). A monoclonal antibody against cytoplasmic actin (catalog number sc-8432) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal antibody against mGSTA4-4 was raised in chicken. All other primary and secondary antibodies used in this study were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). All other reagents used in this study including sulforaphane, AMC and doxorubicin were purchased from Sigma (St. Louis, MO).
Cell Culture and Cell Viability Assay
The H9c2 cell line, derived from rat atrial cardiomyoblasts, was purchased from the American Type Culture Collection (ATCC; Manassas, VA) and maintained in high glucose DMEM (Dulbecco's Modification of Eagle's Medium), supplemented with 10% bovine calf serum and 1% penicillin-streptomycin solution at 37° C with 5% CO 2 . Cultured adherent H9c2 cells were trypsinized and pelleted by centrifugation at 500×g for 5 minutes at 4°C and cells were washed twice by suspending in complete DMEM; cells were counted using a Z1 COULTER COUNTER® Cell and Particle Counter (Beckman Coulter Inc. Brea CA 92821). For cell viability assays, cell pellets were resuspended at 1×10 5 cells/ml in DMEM and 100 μL/well were seeded in 96-well plates and allowed to recover for 6-8 h before pretreatment with 2.5 μM SFN or vehicle for 12-14 h. Vehicle-or SFN-pretreated cells were subsequently treated with 5 μg/ml DOX or vehicle for an additional 16-18 h and analyzed for viability by the MTT assay using the CCK-8 kit (Dojindo, Rockville, Maryland) [43] .
Nrf2 Knockdown and Cytotoxicity Assay
H9c2 cells (1×10 5 ) plated in 96-well plates were transfected with rat non-targeting siRNA (scrambled siRNA) or siRNA specific for rat Nrf2 (25 nM final siRNA concentration) using DharmaFECT 1 Transfection Reagent, as per the manufacturer's instructions. After 48h of incubation at 37°C, cells were treated with SFN, DOX and SFN+DOX as described above and their viability was analyzed by using a CytoTox 96 ® Non-Radioactive Cytotoxicity Assay. Silencing of Nrf2 was confirmed by western blot analysis in a separate experiment.
Measurement of ROS Generation
For effects of SFN and/or DOX on ROS levels in H9c2 cells, 1×10 4 H9c2 cells were plated in growth medium and treated with SFN or DOX as described above. ROS production was measured in accordance with manufacturer's specifications using the OxiSelect ™ Intracellular ROS Assay Kit (Green Fluorescence).
Caspase-3 Activation Assay
H9c2 cells (3×10 5 ) were plated in 100-mM dishes and allowed to recover for 6-8 h before pretreatment with 2.5 μM SFN or vehicle for 12-14 h. Vehicle-or SFN-pretreated cells were subsequently treated with 5 μg/ml DOX or vehicle for an additional 16-18 h. Cells were harvested and the pellets were washed in cold PBS twice. The washed cell pellets were lysed with 20 mM HEPES, pH 7.5, containing 10% sucrose, 0.1% CHAPS, 2 mM DTT, 0.1% NP40, 1 mM EDTA, 1 mM PMSF, 1μg/ml leupeptin and 1μg/ml pepstatin A at 4°C. The supernatants obtained were used to determine the activities of caspase-3 by a fluorometric assay using the amino-4-methyl coumarin (AMC)-tagged substrate DEVD (Asp-Glu-ValAsp). In brief, protein extracts (50 μg protein) were incubated with 100 mM HEPES, pH 7.4, containing 10% sucrose, 0.1% CHAPS, 10 mM DTT and 50 μM of caspase substrate in a total reaction volume of 0.25 ml. After incubation for 60 min at 30°C, the amount of the liberated fluorescent group, AMC, was determined using a fluorescent spectrofluorometer (Perkin Elmer) with an excitation wavelength of 380 nm and an emission wavelength of 460 nm [44] .
Animals and Treatment Plan
14 to 16 week-old male 129/sv mice were used to examine cardiac effects of SFN administration during chronic DOX treatment. All animal protocols were approved by the Institutional Animal Care and Use Committee of the Central Arkansas Veterans Healthcare System (CAVHS). Animals were housed in the Veterinary Medical Unit at the CAVHS in Little Rock, Arkansas (USA). A pilot study to establish the dose, frequency, and duration of SFN exposure required for Nrf2 activation and protection from DOX cardiotoxicity in wild type (WT, 129/sv) mice was performed and a dose of 4 mg/kg (s.c.) for 5 days/week of SFN treatment was found to be effective in cardio-protection. Mice were divided into four groups (control, SFN-, DOX-and SFN+DOX -treated mice). Two groups were injected with 4 mg/kg SFN or vehicle (PBS), 5 days/week for five weeks; this regimen provided one week of SFN pretreatment prior to DOX exposure. After one week of SFN or vehicle treatment, mice were injected with DOX (5 mg/kg) or vehicle once a week for the remaining four weeks (total of 20 mg/kg or 60 mg/mm 2 ). Mice were observed daily throughout the experiment for pain and distress by monitoring changes in grooming, mobility, food/water intake, and body weight. The survival experiment was done separately from all the others and all experiments were repeated to confirm the results as well as for statistical analyses.
Echocardiography
Transthoracic echocardiography was performed using the Vevo 770 high-resolution microimaging system (Visual Sonics, Toronto, Canada) fitted with an RMV 707-B Scan head (frequency 30 MHz, focal length 12.7 mm, frequency band 15-45 MHz) to assess cardiac function [45] . Mice were anesthetized and maintained under 1-3% isoflurane during the procedure. Animals were mounted on a heated (37°C) platform; body temperature, breathing pattern, and heart rate were monitored during the echocardiogram recordings. Echocardiographic parameters were recorded at 350-420 beats/min, from at least three shortaxis, M-mode recordings at the mid-left ventricle section of each mouse. Cardiac output was measured in the pulsed-wave Doppler mode. For the assessment of cardiac function, parameters were recorded at two time points: one day before starting treatments (for baseline values) and two days after the third DOX treatment.
Histopathology
Two days after final DOX injection, control and treated mice were euthanized and LV portions of the heart samples were fixed in 10% formalin followed by paraffin embedding, sectioning and staining of embedded tissue by routine procedures in the DNA Damage Core Facility at UAMS. Cardiac tissue was then evaluated for damage including myofibrillar disruption, fibrosis, and vacuolated pre-apoptotic cells. Disorganization of normal myofibrillar patterns (myofibrillar disruption) was scored for average severity (ranging from 1 to 3, least to most severe): 1, 1-2 foci or <10% of the total myocardium; 2, 10-30% of the total myocardium or focal lesions with extensive disruption; 3, >30% of total myocardium or multiple lesions with extensive disruption. Cytoplasmic vacuolization was also scored by severity (ranging from 1 to 3, least to most severe): 1, 1-3 myocytes; 2, 3-10 myocytes; or 3, >10 myocytes.
Determination of Cardiac Troponin-I Levels
Two days after the third DOX injection, blood was collected from the retro-orbital plexus of anesthetized mice using heparin-coated micro-hematocrit capillary tubes and MiniCollect® capillary blood collection tubes coated with EDTA (Greiner Bio-one, Monroe, NC). Plasma was separated from mouse blood by centrifuging whole blood for 10 min at 1,000g; the supernatant was isolated and centrifuged again at 10,000g for 5 min. If not used immediately, plasma samples were quick-frozen in liquid nitrogen and stored at −80°C until use. Briefly, a mouse cardiac troponin-I (cTn-I) ELISA kit from Life Diagnostics, Inc. (West Chester, PA) was used to assess troponin levels in 100 μl of plasma. The plasma was diluted three fold with the plasma diluent provided in the kit and assayed according to the manufacturer's protocol.
Body and Organ Weights
Body weights of control and treated mice were recorded once a week. A two-tailed t-test was used to analyze baseline-corrected body weight for significant differences between DOX-, SFN-, SFN+DOX-and PBS-treated groups and p values less than 0.05 were considered significant. Similarly, the effects of treatments on different organs (heart, lung, spleen and liver) of control and treated mice were assessed by organ weights at the time of animal euthanasia.
Determination of 4-HNE-Adduct Levels
4-hydroxynonenal (4-HNE) is an electrophilic, α,β-unsaturated lipid peroxidation product that accumulates with oxidative stress and is highly reactive, forming protein and DNA adducts [46] . A portion of left-ventricular (LV) cardiac tissue harvested from control and treated groups of mice was quick-frozen in liquid nitrogen and stored at −75°C until use. 4-HNE-adduct levels in LV samples were determined using an ELISA assay as previously described [47, 48] . In brief, a 20% (w/v) tissue homogenate was prepared in PBS containing a protease and phosphatase inhibitor mixture from Roche Diagnostics Corporation (Indianapolis, IN) [48] . The homogenates were sonicated for 10 sec at the lowest frequency and centrifuged at 3,000g for 15 min; the clear supernatant was collected and the protein level was measured using the Pierce 660nm Protein Assay (Thermo Scientific, Rockford, IL) reagent. 75 μg of protein was used for each determination.
High Resolution Respirometry
50 mg of myocardial tissue were freshly isolated from the left ventricles of control and treated mice and dissected in relaxing solution on ice to prepare fiber bundles as described previously [49, 50] . Myocardial fibers were permeabilized by gentle agitation in relaxing solution supplemented with 50 mg/ml saponin for 20 min at 4°C. Following washing in icecold respiration medium [51] for 10 min, fibers were maintained in this medium until the respirometric assay. Mitochondrial complex activities were measured at 37°C by the high resolution respirometry (HRR) technique using a substrate inhibitor titration protocol on an Oxygraph (Oroboros Instruments, Innsbruck, Austria). Complex I activity was tested by addition of the substrates, malate (2 mM) and glutamate (10 mM), to initiate respiration. To achieve maximal active respiration, 2.5 mM ADP was added, followed by inhibition of complex I respiration by addition of 0.1 μM rotenone. Complex II/III respiration was stimulated by addition of 10 mM succinate followed by addition of the complex III inhibitor antimycin A (10 μM). Lastly, complex IV respiration was measured by addition of 1μM N,N,N9,N9-Tetramethyl-p-phenylenediamine (TMPD) made in 0.8 M ascorbate (pH=6.0); complex IV activity was inhibited by adding 800 mM sodium azide. Data acquisition and analysis were performed using the DATLAB 4.2 software (Oroboros Instruments). Respiratory rates were expressed per milligram of dry weight.
Measurement of Active Nrf2 Binding
For western blot analysis and nuclear Nrf2 binding assays, 2.0×10 6 H9c2 cells were plated in 100-mm tissue culture dishes and treated as described above. After treatment, cells were harvested and cell nuclei were prepared for Nrf2 activity/binding assays and cell lysates for western blot analysis. Nuclear extracts were also prepared from the left ventricular (LV) portion of the heart isolated from vehicle-or DOX-with or without SFN-treated mice using the Nuclear Extract Kit (Active Motif, Carlsbad, CA) and stored at −80°C. Previously prepared nuclear extracts were tested for cytosolic and mitochondrial protein contamination by western blotting using antibodies against cytoplasmic actin and COX IV (abcam, Cambridge, MA), respectively. Within the detection limits of the method, no cytosolic or mitochondrial contamination was detected in nuclei prepared from heart tissue and H9c2 cells. Nuclear extracts (10-12 μg protein/sample) were assayed for Nrf2 binding activity, as previously described [45, 52] , using the TransAMNrf2 Kit.
Determination of mRNA Levels by Real-Time Polymerase Chain Reaction
Total RNA was isolated from ventricular heart samples of control and treated mice by the guanidinium thiocyanate method, using the Fast RNA pro Green kit from MP Biomedicals (Solon, OH). Complementary DNA was prepared using the cDNA synthesis kit. In brief, 1 μg of RNA was mixed with anchored oligo-dT and random hexamers (1:1 ratio) and incubated at 42°C for 30 min; the reaction was stopped by bringing the temperature to 95°C for two min. Real-time polymerase chain reactions (qPCR) were performed in replicate on a DNA Engine Opticon 2 Detection System (MJ Research, Waltham, MA) with the SYBR green Master mix in a total volume of 20 μl containing 0.3 μM gene-specific primers. The cycling protocol was an initial denaturation at 95°C, followed by 40 cycles at 60°C. As previously reported [52, 53] , the ribosomal protein S3 (RPS3) transcript was used as a reference for normalization of mRNA levels. Gene expression levels were normalized by calculating for each individual animal the difference, ΔCt, between S3 and the gene of interest. The average ΔCt for each replicate was exponentially transformed to obtain the expression level (2 −ΔCt ) for each animal before determining the mean and standard deviation (n=5) for each treatment group.
Determination of Antioxidant/Anti-Electrophile Protein Levels by Western Blot Analysis
25 μg of heart tissue homogenate, obtained as described above, were resolved by SDS-PAGE in precast NuPage 4% -12% Bis-Tris gels using MES running buffer (Invitrogen, Carlsbad, CA). The nitrocellulose membrane electroblot of the gel was probed with polyclonal antibodies against GSTA4-4[54], HO1, NQO1, SOD2 and Actin. A peroxidasecoupled secondary antibody and Super Signal Femto (Thermo Scientific, Rockford, IL) with chemiluminescent detection were used for visualization of bands on a Bio-Rad imaging system (Bio-Rad Laboratories, Hercules, CA).
Statistical Analysis
Statistical analyses were performed using GraphPad Prism Software version 6 (GraphPad Software Inc, La Jolla, CA). Two-tailed Students t tests were performed for all comparisons. Statistical significance was set at p < 0.05; results are expressed as the mean ± standard deviation. Survival curves were analyzed by the Log-rank (Mantel-Cox) test and Cox regression (for hazard ratios) was used for multivariate analysis (for hazard of dying).
Results
SFN-treated H9c2 cells are resistant to DOX toxicity
SFN is an electrophile capable of inducing expression of endogenous antioxidant and phase II enzymes through Nrf2-mediated transcription [37, [55] [56] [57] . DOX increases the production of ROS in cardiac myocytes, resulting in inflammation, apoptotic cell death and vacuolization [58] . Here we determined if the sensitivity of cardiac H9c2 cells to DOX toxicity could be attenuated by pretreatment of cells with SFN, and whether this SFN protection from DOX toxicity would be Nrf2-dependent. We first compared the effect of DOX and SFN on the viability of H9c2 cells (data not shown). These studies indicated that DOX is highly toxic to these cells in a dose-dependent manner with an IC 50 of 6.4 mg/ml. On the other hand, the IC 50 of SFN was found to be 46.5 μM which is significantly higher than the concentration of 2.5 μM used to evaluate its protective effects described below. Next we analyzed whether or not SFN can confer protection against DOX-induced toxicity in vitro. We treated H9c2 cells with DOX, SFN or SFN+DOX for 24 h and assayed for cell viability. Results of these experiments showed that while DOX alone exhibited toxicity (showing less than 45% of cell viability at 5 μg/ml), co-treatment of H9c2 cells with SFN (2.5 μM) and DOX (5 μg/ml) resulted in significant protection of H9c2 cells (~76% cells were viable) against DOX-induced toxicity (Fig. 1A) . These results formed the basis for further in vivo studies to determine whether pretreatment of WT mice with SFN could protect against DOX-induced cardiotoxicity through the activation of Nrf2 and the associated up-regulation of antioxidant and anti-electrophilic enzymes.
SFN inhibits DOX-induced activation of caspase-3 in H9c2 cells
Activation of caspase-3 due to DOX-toxicity is the hallmark of apoptosis in mammalian cardiac cells [59, 60] . In order to analyze the protective effect of SFN on DOX-induced apoptosis, we compared the activity of caspase-3 in SFN-, DOX-and SFN+DOX-treated H9c2 cells. Results presented in Fig. 1B indicated that DOX (5 μg/ml) treatment leads to high activation of caspase-3 activity in H9c2 cells which was significantly inhibited (>60%) by co-treatment with SFN (2.5 μM) and DOX, suggesting that SFN protected cells from DOX-induced apoptosis.
SFN-treated H9c2 cells are resistant to DOX toxicity in an Nrf2-dependent manner
Our earlier studies using the mGSTA4-null mouse model suggested a Nrf2-dependent protection against DOX toxicity [45] . We further determined whether or not SFN can confer protection, as described in Fig. 1A , of H9c2 cells against DOX-induced toxicity in an Nrf2-dependent manner in vitro. We silenced the expression of Nrf2 in H9C2 cells using Nrf2-siRNA while control cells were treated with scrambled (non-targeting) siRNA. After confirming the silencing of Nrf2 by western blot analysis (data not shown), cells were treated with SFN, DOX and DOX+SFN. The viability of control and treated cells was analyzed by an LDH release assay. We treated Nrf2-knockdown (KD) or control H9c2 cells with DOX, SFN or SFN+DOX as explained in the Methods section and assayed for cell viability. Results of these experiments showed that while DOX alone was toxic (showing less than 45% of cell viability at 5 μg/ml), co-treatment of H9c2 cells (scrambled siRNAtreated) with SFN (2.5 μM) and DOX (5 μg/ml) resulted in significant protection of H9c2 cells (>76% cells were viable) from DOX-induced toxicity (Fig. 2) . Nrf2 KD itself affected transient viability of cells; but DOX treatment showed a worse effect on cell survival (~20% cell were viable) and even SFN treatment could not protect Nrf2 KD cells from DOX toxicity. Findings from this study clearly suggest that SFN protection from DOX toxicity is significantly Nrf2-dependent. These results formed the basis for further in vivo studies to determine whether pretreatment of WT mice with SFN could protect against DOX-induced cardiotoxicity through the activation of Nrf2 and the associated up-regulation of antioxidant and anti-electrophilic enzymes.
SFN efficiently blocks DOX-induced generation of ROS
It is well established that DOX treatment of cells and tissues causes generation of ROS [10] which contributes to DOX toxicity in both normal and cancer cells. To determine whether or not SFN could inhibit the DOX-induced generation of ROS in cardiac cells, we compared the generation of ROS in SFN-, DOX-and SFN+DOX-treated H9c2 cells. Results of these studies (Fig. 3) showed that SFN could significantly block (>60%) DOX-induced formation of ROS in cardiomyocytes.
SFN protects against DOX-induced cardiomyopathy
To examine if SFN provides cardioprotection during chronic DOX treatment in vivo, wildtype 129/sv mice were treated with SFN±DOX as described in the Materials and methods. A standard histological analysis of left ventricular tissue revealed increased pathology (cytoplasmic vacuolization, myofibrillar disruption and fibrosis) in DOX-treated mice as compared to SFN+DOX-treated mice (Fig. 4 and Table 1 ), indicating that SFN-treated mice exhibited resistance to DOX cardiomyopathy. Vehicle-or SFN-treated mice exhibited no cardiac pathology, whereas fibrosis was only observed in DOX-treated mice. In a similar experiment, cardiac function was assessed by echocardiography before DOX treatment and after the third DOX treatment. Cardiac ejection fraction (EF), fractional shortening (FS) and stroke volume (SV) parameters were essentially normal in the SFN+DOX-treated group. In contrast, mice treated with DOX alone exhibited impaired cardiac function (Fig. 5) . In another 7-week survival experiment, only 8% of the mice treated with DOX alone survived, compared with a 75% survival fraction for SFN+DOX treated animals (Fig. 6) . Comparison of DOX+SFN vs. DOX treatment alone, by a log-rank test, showed a significant difference in mortality rates (p = 0.033); Cox regression analysis indicated that SFN+DOX-treated mice had a 90% reduction in hazard of dying from DOX exposure compared to DOX-only treated mice.
SFN inhibits the DOX-mediated increase in cardiac troponin levels
Plasma levels of cardiac troponin T (cTnT) and cardiac troponin I (cTnI) are well established in clinical practice for assessing cardiac cell damage in cancer patients receiving DOX therapy [61] . Increase in cTnT and cTnI during DOX therapy reflects cardiac damage and indicates irreversible cardiomyocyte necrosis [61] [62] [63] [64] . To access the effect of SFN during DOX therapy, we assayed cTnI levels in plasma from control and treated groups of mice. Average cTnI concentrations were significantly higher in all DOX-treated mice compared to SFN-, SFN+DOX-or vehicle-treated control mice (Fig. 7) .
SFN prevents changes in body and organ weights caused by DOX
Body weights of control and treated mice were assessed after baseline (week 0) normalization of data for each animal in the control and treatment groups. Results showed a significant weight loss in the DOX-treated group, while SFN treatment reduced weight loss during DOX treatment and brought body weight close to the baseline weight. SFN-or vehicle-treated animals showed an insignificant increase in their body weights (Fig. 8A) . Similarly, the effect of treatments on organ weights (heart, lung, spleen and liver) of control and treated mice was measured at the time of euthanasia. DOX-treated animals registered lower weights of heart, lung and liver when compared with SFN+DOX or control animals (data not shown); but these changes did not meet the criteria of statistical significance (p < 0.05). However, spleen weights were significantly higher in DOX-treated animals compared with controls (Fig. 8B) ; and SFN co-treatment during DOX therapy maintained the spleen weight close to that of control animals. Increase in spleen weight, as reported earlier [61] , could be because of gross lesions and increase in hematopoietic cell proliferation in the tissue during the DOX therapy.
SFN treatment reduces the DOX-induced formation of 4-HNE adducts in cardiac tissues
DOX treatment enhances production of the highly reactive lipid peroxidation product HNE in cardiac tissue [65, 66] and forms 4-HNE-protein adducts after interaction with lysine, histidine, and cysteine residues of proteins and peptides. 4-HNE-protein adducts modify protein functions and keep accumulating at high levels in tissues under oxidative/ electrophilic stress [3] . To determine if SFN countered 4-HNE-adduct formation during DOX therapy, we examined the levels of 4-HNE-protein adducts. Results of these analyses (Fig. 9 ) revealed that the level of 4-HNE-protein adducts was significantly higher in the hearts of DOX-only treated animals. SFN treatment reduced HNE-adduct formation in the hearts of DOX-treated animals, with adduct levels remaining close to those of the control group.
SFN improves mitochondrial function during DOX treatment
DOX metabolism in cardiac cells involves its conversion into a more reactive semiquinone by the mitochondrial complex I of the electron transport chain (ETC), resulting in increased oxidative stress [64, 67] . Pharmacological activation of Nrf2 by SFN should remove excess ROS produced during DOX therapy by elevation of phase II detoxification and antioxidant enzyme activities and preserve ETC complex function. To evaluate changes in the ETC, its activity was measured in left ventricular biopsies of SFN-and/or DOX-treated mice (and controls) by high resolution respirometry (HRR) as described in the Materials and methods [51] . Results of these studies clearly revealed that DOX treatment significantly repressed complex I, II+III and IV activities. However, SFN restored these functions in the SFN +DOX-treated group (Fig. 10) . Interestingly, we did not observe any significant changes in the activities of the various complexes in the SFN-only treated group.
Nrf2 is activated in SFN-treated H9c2 cells and in hearts of treated mice
The chronic response to DOX-induced myocardial injury involves increased oxidative and electrophilic stress [24, 68] . The enhanced survival of H9c2 cells (Fig. 1) and animals (Fig.  6) , and the return to normal cardiac function following SFN pretreatment and co-treatment with DOX (Fig. 5) suggested activation of a protective mechanism in the heart. SFN is known to facilitate nuclear translocation of Nrf2, to induce stress-responsive gene expression and to upregulate anti-oxidative and anti-electrophile defenses [69, 70] . Therefore, we compared the levels of active Nrf2 between nuclear extracts of treated and untreated H9c2 cells, and between nuclear extracts from control and treated mouse hearts. We found a six-fold increase in Nrf2 activity in SFN-treated H9c2 cells and a fourfold increase in SFN+DOX-treated cells (Fig. 11) . Similarly, active Nrf2 in the nuclear extracts from SFN-treated murine hearts was over 50% higher as compared to control mice (Fig. 11) . DOX treatment alone lowered Nrf2 activity; but it remained significantly higher in the SFN +DOX versus DOX-treated hearts.
SFN treatment counters the DOX-induced down-regulation of antioxidant and antielectrophile enzymes in vivo
To elucidate the mechanisms of SFN-mediated protection of cardiac tissue during DOX treatment in mice, we examined the expression of a number of genes related to oxidant and electrophile metabolism. The selected genes (Table 2 ) fell into three functionally distinct classes which are known to be regulated by Nrf2 [71] : antioxidant, anti-electrophile, and genes involved in glutathione synthesis. Transcript levels of a number of antioxidant and anti-electrophile genes were increased in hearts from SFN+DOX-treated mice, as compared to those treated with DOX alone (Table 2 ). This shift in metabolism may explain why SFN treatment of mice is cardioprotective during DOX treatment. A direct comparison of transcript levels specifically for catalase, Sod1, Sod2, HO1, Nqo1 and Gsta4 in hearts of treated and control mice showed that expression of these genes was significantly higher in SFN-treated animals ( Table 2) . In silico or in vitro analysis of the Gsta4, Nqo-1, Ho-1 and Sod2 promoter regions revealed consensus ARE binding sites for the Nfe2l2 (Nrf2) transcription factor [72] [73] [74] [75] . On the other hand, most of the examined transcript levels (with the exception of Pxdn, Gpx4, Txnrd1, Gsta1+2, Gsta3, Gstm1, Aorand Gclm) were expressed at lower levels in the DOX-treated group. The resulting lower level of antioxidant and anti-electrophilic defense mechanisms in DOX-treated versus control animals, could contribute to the oxidative damage in the heart. In contrast, in SFN+DOX treated animals, levels of all the transcripts, except Akr3, were essentially similar to those of the control group, suggesting an SFN-mediated reversal of the effects of DOX on these gene activities. Similarly, western blot analyses of cardiac extracts prepared from mice treated with DOX, SFN and DOX+SFN indicated that while the expression of GSTA4-4, SOD2, NQO1 and HO-1 was down-regulated in hearts treated with DOX alone, a combined treatment of DOX +SFN significantly prevented this down-regulation (Fig. 12) .
Discussion
DOX-induced cardiotoxicity has been shown to be mediated through several mechanisms including free radical generation, membrane lipid peroxidation (LPO), mitochondrial damage and iron-dependent oxidative damage to macromolecules [9, 17] . Several studies have demonstrated that DOX induces the generation of a cascade of reactive oxygen species (ROS) such as oxyanions, hydroxyl radicals and hydrogen peroxide, which are implicated in DOX-induced cardiomyopathy [76, 77] . Enhanced generation of electrophiles and oxidants during DOX therapy stimulates the oxidation of membrane lipids leading to the accumulation of the highly reactive electrophile, 4-HNE, which has been shown to modify protein functions, affect mitochondrial function in and be a particularly good biomarker of DOX-induced oxidative stress [32] . DOX treatment also results in depletion of glutathione (GSH) levels in the heart [78] .
We recently reported that elevated Nrf2 activity in the absence of an 4-HNE-metabolizing enzyme, in Glutathione transferase a4 null (Gsta4 −/− ) mice, drives cellular defenses that confer protection from DOX-induced cardiomyopathy [45] . Enhanced Nrf2 signaling and cytoprotective gene activity induced by SFN have been demonstrated in cardiac cells [40, 41] in vivo, in primary cardiomyocytes, and extensively in the H9c2 cell line, derived from rat atrial cardiomyoblasts [40] . Our studies were designed to test the hypothesis that substantial Nrf2 activation, through SFN induction, is required for sufficient cardioprotection during DOX therapy to avoid long-term cardiomyopathy.
Before undertaking an in vivo study to determine if through the Keap1/Nrf2 pathway SFN could confer protection against DOX-induced cardiotoxicity, we tested our hypothesis in vitro by treating H9c2 cells with DOX, SFN or SFN+DOX and assaying for cell viability. Co-treatment of H9c2 cells with very low concentrations of SFN resulted in marked protection against DOX toxicity. This represents the first time that SFN was shown to increase viability of DOX-treated H9c2 cells. Furthermore, when nuclear extracts isolated from control or treated cells were assayed for Nrf2-ARE binding, SFN treatment alone not only enhanced Nrf2 binding activity in the absence of DOX, but SFN also induced Nrf2 activity very significantly in the SFN+DOX-treated group. The essential role of Nrf2 in the protective effects of SFN on DOX cardiotoxicity is further supported by the viability data obtained with the Nrf2-expressing and -depleted (Nrf2 siRNA-treated) H9c2 cells ( Fig. 1 ) and directly indicated that SFN protected these cells in an Nrf2-dependent manner. Taken together, these results clearly suggested that SFN pretreatment of H9c2 cells protects against DOX toxicity through activation of Nrf2 and its associated upregulation of anti-oxidant and anti-electrophile enzyme expression.
Hearts of cancer patients undergoing DOX therapy are highly sensitive to DOX-induced oxidative stress. The heart expresses low levels of antioxidant enzymes, rendering it particularly vulnerable to free radical damage and DOX cardiotoxicity [11, 12] . DOXinduced cardiomyopathy, as a manifestation of chronic cardiotoxicity, presents with electrocardiographic abnormalities including ventricular dysfunction. Monitoring of left ventricle ejection fraction (EF) and fractional shortening (FS) is among the most commonly used methods for assessing early anthracycline-related cardiotoxicity. Our results from cardiac function tests and histological analysis suggest that treatment of 129/sv mice with SFN markedly protects against DOX-induced cardiomyopathy in vivo. Furthermore, plasma troponin levels are frequently used as a diagnostic marker for various heart disorders including DOX-induced heart muscle damage [79] . Troponin is a complex of three regulatory proteins (troponin C, troponin I, and troponin T), attached to the actin filament in skeletal or cardiac muscle tissue, and is essential to muscle contraction. While increased release of plasma cTnI in the DOX-treated mice of our study was in line with earlier studies [61, 62, 80] , these levels were significantly decreased in the SFN+DOX treated mice. Our results from cardiac function tests, cTnl levels, and histopathological data suggest not only that DOX-induced cardiac failure was the primary cause of death in the mice but that cardiac failure could be reversed in large part by SFN pre-and co-treatment.
The mitochondrion is involved in stress signaling as well as energy production. Due to the high energy requirement of cardiomyocytes, mitochondria occupy ≥30-40% of cardiac cell volume. As DOX accumulates in mitochondria, extensive oxidative and electrophilic stress initiates mitochondrial injury [81, 82] . Cardiac damage follows from highly reactive DOX metabolites, which continue a vicious cycle of oxidative/electrophilic stress [83, 84] . 4-HNE accumulating during DOX treatment modifies several mitochondrial proteins involved in energy metabolism [32] . Mitochondrial dysfunction with consequent oxidative stress, calcium and iron overload, and cardiomyocyte death as DOX side effects, leads to cardiac dysfunction [82, 85] . Expression of several key mitochondrial antioxidant enzymes, including SOD2 and catalase, is under control of Nrf2 [41, 86] . Furthermore, DOX specifically represses mitochondrial gene expression critical for mitochondrial ETC function [80] . Data obtained from our HRR study on heart biopsy samples clearly indicate that DOX therapy compromises functions of complex-I, II+III and IV. Surprisingly, the oxygen flux in SFN-only treated groups showed no significant change and is the subject of our further study. Mitochondrial complex activities in ventricular cardiomyocytes from the SFN+DOX-treated group were fully restored to the levels in the vehicle-treated control group of animals. Furthermore, the reduced level of 4-HNE-protein adducts following SFN+DOX treatment likely also contributed to improved mitochondrial function and points to a protective role for SFN, via activation of Nrf2-dependent cellular defenses.
We further examined if SFN stimulates Nrf2 activity, as a central regulator of cellular responses to oxidative and electrophilic stress, in the presence of systemic DOX. To test this, we determined the amount of active nuclear Nrf2 in the hearts of SFN and/or DOXtreated and control mice. Hearts of SFN-only treated mice showed a significant increase in ARE-binding activity while DOX treatment alone significantly reduced this activity. The drop in Nrf2 activity in the DOX-treated group of mice clearly indicated an inability of the heart, which already expresses low levels of protective enzymes, to protect itself against long-term DOX-induced oxidative and electrophilic assault. In contrast, following SFN and DOX co-treatment, Nrf2 binding activity remained significantly higher than it was during DOX treatment alone. Since SFN pre-and co-treatment significantly protect Nrf2 activity during the four-week DOX treatment in our study, overall cardioprotection would appear to operate in large part via the Nrf2 pathway.
To further establish the role of Nrf2 in our model of enhanced protection against DOX toxicity, we analyzed transcript levels of genes responsible for expression of antioxidant, anti-electrophile and glutathione synthesis pathway enzymes in the hearts of control and treated mice. DOX treatment repressed transcript levels of genes encoding antioxidant enzymes responsible for metabolism of O 2− and anti-electrophile enzymes responsible for removal of 4-HNE and lipid aldehydes, in the mouse heart. On the other hand, transcript levels of gene encoding anti-oxidants and anti-electrophiles were high in the SFN-treated group. However, combined SFN and DOX treatment maintained the transcript levels at control levels. These findings are consistent with our finding of the loss in Nrf2-ARE binding activity during DOX treatment and increase in Nrf2 activity in SFN+DOX treated mice. Repression of some critical gene expression by DOX and then recovery of normal protein levels by combined SFN+DOX treatment was confirmed by western blot analysis for the Gsta4, Sod2, Nqo1 and Ho-1 gene products. Quantitative PCR and complimentary western blot data clearly suggest that under our experimental conditions, DOX represses expression of specific antioxidant and anti-electrophile enzymes. On the other hand, SFN treatment maintains or even upregulates enzymes involved in scavenging or neutralizing of free radicals, in oxygen quenching and making it and lipid peroxidation products less available for oxidative/electrophilic stress. Our finding clearly suggests that transcriptional activation, by Nrf2, of genes expressing anitoxidants and anti-electrophile enzymes can play a critical role during DOX therapy. Thus, SFN could effectively prevent heart tissue damage during DOX therapy not only by decreasing the oxidative/electrophilic stress, but by restoring multiple cardiac cellular defenses through other activities of the Keap1/Nrf2 pathway, such as autophagy [87] .
GSH acts as an antioxidant and inhibits lipid peroxidation during stress. GSH also participates in the detoxification of hydrogen peroxide by various glutathione peroxidases and is the substrate for GSTs to conjugate the lipid peroxidation product, 4-HNE. It is well documented that SFN treatment induces the expression of the requisite genes for GSH synthesis in cultured cells and in rodents [88] [89] [90] . In particular, SFN exerts its inducing effect on glutamate cysteine ligase via Nrf2 signaling [90] . The levels for glutamate cysteine ligase catalytic (Gclc) and modifier (Gclm) subunit mRNAs, the latter catalyzing the ratelimiting step of glutathione synthesis, were examined in cardiac tissues of our DOX, SFN and SFN+DOX-treated mice. While these analyses showed an increase in Gclc mRNA in the SFN-treated group, Gclc mRNA levels, like other Nrf2-regulated transcripts under our experimental conditions, were significantly lower than control in the DOX-treated group. However, in the SFN+DOX-treated group, SFN was able to block the DOX-mediated repression of the Gcl catalytic unit.
In summary, DOX is a very valuable cancer chemotherapeutic drug that frequently results in severe cardiomyopathy. The ability of SFN to protect against DOX cardiotoxicity, as shown for the first time by the results of our study, is a discovery that could significantly change the way DOX is currently used. Our findings not only provide further insight into DOXinduced cardiotoxicity, but especially demonstrate SFN action through the Keap1/Nrf2 signaling pathway for countering cardiac damage. Our observations should establish the basis for devising novel approaches to protect the human heart from the harmful effects of cardiotoxic drugs, which are thought to be mediated in part by oxidative stress signaling.
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Nuclear factor erythroid 2-related factor 2 Respiration status of complexes I, II+III, and IV of the ETC was evaluated in fresh heart biopsies using the HRR technique as described in the Materials and methods. According to oxygen flux measures, co-treatment of mice with SFN+DOX significantly improved complex I, II+III and IV respiration compared to mice treated only with DOX. Each bar represents mean ± SD (n = 8). Nrf2 binding activity was measured by ELISA in nuclear extracts from H9c2 cells or from the LV portion of control and treated mice. The nuclear fractions from each heart and from H9c2 cells were assayed separately in duplicates (n = 4). Heart homogenates from vehicle-, SFN-, DOX-and SFN+DOX-treated mice were examined by western blot analysis for levels of NQO-1, HO-1, SOD2, GSTA4-4 and β-actin (n=4-6 per group). Grayscale values of the GSTA4-4, SOD2, NQO-1 and HO-1 bands, normalized with β-actin using ImageJ software (developed by NIH) are shown under the corresponding bands to indicate the relative expression level of proteins in a representative western blot. Myocardial tissue was examined for cytoplasmic and myofibrillar changes and fibrosis. Data are presented as number of animals affected/number of animals examined; average severity (ranging from 1 to 3, least to most severe) of affected animals is indicated in parentheses. Microscopic examination was determined by a pathologist using scoring criteria described in the Materials and methods.
